We have investigated a one-step method to fabricate a microstructure on a silica glass plate by using laser-induced backside wet etching (LIBWE) that consists of excimer laser mask projection system and diode-pumped solid state (DPSS) laser beam scanning system. Well-defined deep microtrenches without crack formations on a fused silica glass plate were fabricated by LIBWE method with the UV lasers. We have demonstrated the microof pits-array and patterned grating on the surface of silica glass plates by LIBWE method at nm and 266 nm with dye solutions. The two new systems allow us to use rapid prototyping high precision surface microfabrication of silica glass as laser direct-write processing.
Introduction
The high precision surface microfabrication of the UV-transparent materials such as a silica glass is one of the key technologies of photonics research and development. However, silica glass is a hard and brittle material, and precision surface microfabrication is very difficult. Laser-induced micro-fabrication of various materials has served as an important technique in surface structuring for optics and optoelectronic devices. 1) In particular, significant attention has been given towards the micro-fabrication of silica glass, since, in spite of the difficulty involved, silica is a commonly used material.
The use of pulsed lasers can involve several approaches, such as conventional UV laser ablation, 2) vacuum UV laser processing, 3, 4) femtosecond laser micromachining, 2, 5) laser-induced plasma-assisted UV ablation, 6, 7) and laser-induced backside wet etching (LIBWE). In this paper, we report the laser-induced backside wet etching (LIBWE) in terms of micro-pattern fabrications on silica glass surface. The LIBWE method is based on the deposition of laser energy onto a thin layer at the glass-liquid interface during the ablation of a liquid substance. Assuming negligible UV absorption by the silica glass, the incident laser beam passes through the glass plate resulting in the excitation of a dye or organic solution. If the dye solution, which has a strong absorption at the laser wavelength, becomes ablated by laser irradiation with sufficient fluence, etching on a surface layer of the silica glass is achieved. Additionally, to understand the ablation phenomena at the glass-liquid interface, a temporal pressure signal was measured to detect shock wave and vapour bubble formation with a fast-response pressure gauge.
Experimental
A transparent synthetic silica glass plate (Tosoh SGM Co., ES grade) with a thickness of about 2 mm and a diameter of 20 mm was used as a sample. A KrF excimer laser (Lambda Physik, EMG201MSC, λ= 248 nm, FWHM 30 ns) was used as a light source for LIBWE process as a mask projection system The laser beam was incident onto the sample through a beam homogenizer and mask ( Fig.1(a) ). 13, 20) An Nd:YVO 4 laser at the fourth or third harmonic wavelength (λ= 266 nm or 355 nm, FWHM 30 ns, M 2 < 1.3) was used as a light source in ambient air. The repetition rate of laser irradiation was set at 5 -100 kHz. Optics of a zoom-beam-expander (Sill Optics), pinhole, laser scanning module (GSI Lumonics, HPM10M2), and telecentric scan lens (Sill Optics , focus length: 100 mm) was used to obtain a scanning laser beam with a small focused laser spot size, as shown in Fig. 1(b) . 25, 29, 31) The laser fluence onto the target was set at ca. 1 -2 J cm -2 pulse -1 . Toluene, naphthalene (naphthalene-1,3,6-trisulfonic acid trisodium salt) and pyrene (Wako Pure Chemical Industries Ltd., S grade) were used without further purification. The other experimental details were described in the section of Results and Discussion. The penetration depth of laser beam into the dye solution was estimated to be ca. 1 μm. 13, 20, 25) The surface structures of etched patterns were analyzed using a confocal scanning laser microscope (Keyence, VK-8500) and scanning electron micrograph (Keyence, VE-7800). Figure 2 shows well-defined etching structures on silica glass, which were free of debris and microcracks around the area. The array of 2 μmφ pits structure in Fig.2(a) was fabricated with the excimer laser mask projection system. The organic solution for a laser absorber was an aqueous naphthalene solution (dye concentration: 0.4 mol dm -3 ). 14) It is possible to fabricate a deep micro-trench about 7 μm wide and 420 μm deep on silica glass with a maximum aspect ratio of 60 by LIBWE with a KrF laser and saturated pyrene/acetone solution (0.4 mol dm -3 ). 23, 26) Because the projection lens has a limited depth of focus, the silica plate was moved further from the projection lens after irradiation of every 1000 pulses in order to adjust the position of the interface between the silica plate and the solution to the imaging area of the projection lens.
Results and Discussion

Microstructuring of silica glass by LIBWE method
A well-defined 1μm-scale grid pattern and grating as narrow as 0.75μm-sized was fabricated via fine adjustments to the mask projection system. 19) Figure 2(b) shows that well-defined patterned gratings of the "AIST" logo mark was formed upon the irradiation of DPSS laser at 266 nm with a Galvanometer scanner. Pure toluene was used as an organic solution. The etching grooves with ca. 5-15 μm in width, which was free of debris and microcracks around the area, were fabricated by UV laser irradiation using a single-mode laser beam. 25, 29, 35) The laser irradiation was carried out at laser power of 1-10 μJ pulse -1 with the repetition rate of 5-100 kHz. The laser beam was scanned on the sample surface at the rate of 50-100 mm s -1 . Upon the scanning irradiation accumulated up to tens scans at the same positions to make a deep groove structure on the surface, the etch depth was increased as increase with the number of scanning times. As the laser beam of DPSS UV laser at a high repetition rate up to 5 -100 kHz is scanned on the sample surface with the galvanometer controlled by a computer for flexible operations, galvanometer-based point scanning system is suitable for a rapid prototyping process according to electronic design data in the computer as mask-less exposure system in a conventional atmospheric environment.
A micro-channel with ca. 150 μm in width and 50 μm in depth was fabricated by UV laser irradiation at 355 nm, as shown in Fig.3 . 33) The laser irradiation was carried out at laser power of 175 μJ pulse -1 with the repetition rate of 5 kHz. The laser beam on the sample surface (scan speed: 50 mm s -1 ) was scanned with a dither scanning mode at the width of 20 μm, so that the channel width was expanded up to 150 μm. The organic solution for a laser absorber was pyrene in toluene solvent (dye concentration: 0.4 mol dm -3 ).
As it is possible in LIBWE process to accumulate laser pulses at the same position for making a deep structure on the surface without crack formation, the use of LIBWE allows great flexibility in the types of processing and the geometries of the structures such as micro-channels ( Fig. 3) . 71, 72) When a tightly focused beam of the single-mode laser was incident on the silica glass without liquid in the air, well-defined etching pit with 10 mm in diameter, which was free of debris and microcracks around the area, was formed by such conventional ablation. 74) However, upon the irradiation of several laser shots accumulated at the same position to make a deep pit structure on the surface, cracks were randomly formed around etched area, indicating that single-shot irradiation was a key for this well-defined micro-fabrication at the conventional ablation condition. Many areas are advancing rapidly from the use of the unique structures that can be produced by LIBWE techniques.
Such technique can be applied for fabricating microfluidic devices used as "Lab on a Chip" or total microanalysis system (μTAS). In such devices, various functions are integrated onto one chip. Microstructure with 1μm resolution fabricated within microfluidic channels can afford additional functions to the chip. Colour-encoded microbeads with surface functional groups randomly arranged in the microstructure can be used for bioarray analyses. A novel microfluidic device incorporating two-dimensional array of microbeads with 10 μm diameter was fabricated 27, 28, 32) .
Transient pressure measurement of toluene vaporization
According to optical images monitored by time-resolved shadowgraph technique, the laser vaporization of toluene liquid showed shockwave propagation and vapour expansion at the interface between silica glass and toluene liquid 15, 19, 21, 22, 25, 31, 33) .
These transient phenomena were induced by the explosive vaporization of the liquid. The formation of 
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150 μm shock wave and vapour bubble was observed around the interface between silica glass and liquid by shadowgraph technique 15) . The formation and propagation of shock wave and vapour bubble in pure toluene liquid were also observed upon KrF laser irradiation at the fluence of 600 mJ cm −2 15,19) . Initial velocities of hemispheric expansion for the vapour bubble were 200 m s −1 at the fluence of 1.6 J cm −2 . The impact pressure of the liquid jet during the bubble expansion can be estimated to be 220 MPa from the observation of the bubble behaviour 15) . This estimate suggests that the laser irradiation of toluene liquid provided a unique environment under a transient high pressure.
Upon DPSS UV laser irradiation at a high repetition rate, the vapour formation might be adversely affected because the period for the expansion and contraction of a vapour bubble was in the order of microsecond 25, 31) . When the repetition rate of the laser irradiation increased up to 100 kHz, the signal of pressure impulses was able to detect clearly 33) . A repetition rate up to 100 kHz had no influence on vaporization phenomena induced by the subsequent laser shot under this laser irradiation condition, so that liquid ablation by each laser irradiation at a repetition rate up to 100 kHz occur at the glass-liquid interface independently. Therefore, the clear signal observation indicates that LIBWE is possible by the DPSS UV laser irradiation at a high repetition rate up to 100 kHz. Figure 4 shows the scheme of LIBWE mechanism that was proposed on the basis of analytical observation. The incident laser beam passes through the glass plate resulting in the excitation of a dye or organic solution. If the dye solution, which has a strong absorption at the laser wavelength, becomes ablated by laser irradiation with sufficient fluence, etching on a surface layer of the silica glass is achieved.
Conclusion
We have demonstrated that well-defined micropattern on a silica glass plate was fabricated by LIBWE method. The point scanning system on a high repetition rate is suitable for a flexible rapid prototyping as mask-less exposure system. For precise patterning with a high resolution, on the other hand, mask projection system with an excimer laser has an advantage. Both the systems would be complementally utilized in mass production.
Although transient shockwaves and micro-bubbles induced by laser ablation of the liquid expanded to the surroundings in the nano-and micro-second timescale upon the laser irradiation at a repetition rate of 100 kHz, the well-defined microfabrications were successfully performed on the glass surfaces without any crack or debris formation.
